Adaptation to endoplasmic reticulum (ER) stress depends on the activation of the unfolded protein response (UPR) stress sensor inositol-requiring enzyme 1a (IRE1a), which functions as an endoribonuclease that splices the mRNA of the transcription factor XBP-1 (X-box-binding protein-1). Through a global proteomic approach we identified the BCL-2 family member PUMA as a novel IRE1a interactor. Immunoprecipitation experiments confirmed this interaction and further detected the association of IRE1a with BIM, another BH3-only protein. BIM and PUMA doubleknockout cells failed to maintain sustained XBP-1 mRNA splicing after prolonged ER stress, resulting in early inactivation. Mutation in the BH3 domain of BIM abrogated the physical interaction with IRE1a, inhibiting its effects on XBP-1 mRNA splicing. Unexpectedly, this regulation required BCL-2 and was antagonized by BAD or the BH3 domain mimetic ABT-737. The modulation of IRE1a RNAse activity by BH3-only proteins was recapitulated in a cell-free system suggesting a direct regulation. Moreover, BH3-only proteins controlled XBP-1 mRNA splicing in vivo and affected the ER stress-regulated secretion of antibodies by primary B cells. We conclude that a subset of BCL-2 family members participates in a new UPR-regulatory network, thus assuming apoptosis-unrelated functions.
Adaptation to endoplasmic reticulum (ER) stress depends on the activation of the unfolded protein response (UPR) stress sensor inositol-requiring enzyme 1a (IRE1a), which functions as an endoribonuclease that splices the mRNA of the transcription factor XBP-1 (X-box-binding protein-1). Through a global proteomic approach we identified the BCL-2 family member PUMA as a novel IRE1a interactor. Immunoprecipitation experiments confirmed this interaction and further detected the association of IRE1a with BIM, another BH3-only protein. BIM and PUMA doubleknockout cells failed to maintain sustained XBP-1 mRNA splicing after prolonged ER stress, resulting in early inactivation. Mutation in the BH3 domain of BIM abrogated the physical interaction with IRE1a, inhibiting its effects on XBP-1 mRNA splicing. Unexpectedly, this regulation required BCL-2 and was antagonized by BAD or the BH3 domain mimetic ABT-737. The modulation of IRE1a RNAse activity by BH3-only proteins was recapitulated in a cell-free system suggesting a direct regulation. Moreover, BH3-only proteins controlled XBP-1 mRNA splicing in vivo and affected the ER stress-regulated secretion of antibodies by primary B cells. We conclude that a subset of BCL-2 family members participates in a new UPR-regulatory network, thus assuming apoptosis-unrelated functions.
Introduction
Endoplasmic reticulum (ER) stress is a hallmark of secretory cells, and many diseases including cancer, neurodegeneration and diabetes, a process that involves the accumulation of misfolded proteins at the ER lumen (Hetz, 2012) . Adaptation to ER stress depends on the engagement of the unfolded protein response (UPR) (Ron and Walter, 2007) , a signal transduction pathway initiated by the activation of several sensors including inositol-requiring enzyme 1a (IRE1a). IRE1a is an ER-resident Ser/Thr protein kinase and endoribonuclease that upon activation, processes the mRNA of X-box-binding protein-1 (XBP-1). This shifts its codon reading frame resulting in the expression of the transcription factor XBP-1s (spliced XBP-1s) (Calfon et al, 2002; Lee et al, 2002) . XBP-1s controls the expression of genes involved in folding, protein quality control, ER translocation and ER/Golgi biogenesis , facilitating adaptation to protein folding stress. Besides, active IRE1a degrades mRNAs encoding certain ER proteins that are predicted to be difficult to fold, thus alleviating ER stress (Hollien and Weissman, 2006; Han et al, 2009; Hollien et al, 2009) .
Chronic or irreversible ER stress results in apoptosis, which is regulated by members of the BCL-2 family of proteins (Tabas and Ron, 2011) . Apoptosis signals converge at mitochondria, leading to the local activation of the proapoptotic multidomain BCL-2 family proteins BAX and BAK (Danial and Korsmeyer, 2004) , which are activated by upstream 'BH3-only' proteins (Youle and Strasser, 2008) . BH3-only proteins can be separated into two subtypes, activators that directly engage BAX and BAK to trigger cytochrome c release and apoptosis (i.e., BID, BIM and PUMA), but are sequestered by anti-apoptotic BCL-2 molecules; and sensitizers or inactivators (i.e., BAD and NOXA) that antagonize specific anti-apoptotic BCL-2 members, releasing activator BH3-only proteins (Kim et al, 2006; Youle and Strasser, 2008; Brunelle and Letai, 2009; Ren et al, 2010) . Among these BH3-only proteins, BIM and PUMA are key regulators of ER stress-induced apoptosis (Reimertz et al, 2003; Li et al, 2006; Puthalakath et al, 2007; Kim et al, 2009 ) (reviewed in Woehlbier and Hetz, 2011) .
Several components specifically regulate IRE1a function possibly due to a physical interaction (Gu et al, 2004; Luo et al, 2008; Gupta et al, 2010; Qiu et al, 2010) (reviewed in Hetz, 2012) . For example, a novel function of BAX and BAK has been described at the ER where they modulate the amplitude of IRE1a signalling possibly through a physical association with the cytosolic domain of IRE1a (Hetz et al, 2006) . Similarly, AIP1 and HSP72 instigate IRE1a signalling possibly due to an interaction (Luo et al, 2008; Gupta et al, 2010) . All these findings indicate that IRE1a forms a macromolecular complex in which different signalling and regulatory components assemble around a scaffold that we have referred to as the UPRosome (Hetz and Glimcher, 2008; Hetz 2012) . Upon prolonged ER stress, IRE1a activity is turned off (Yoshida et al, 2001; Lin et al, 2007) , while PERK (PERK, double-stranded RNA-activated protein kinase (PKR)-like ER kinase) remains active, sensitizing chronically damaged cells to apoptosis ). The ER-located anti-apoptotic protein BAX inhibitor-1 (BI-1) is involved in the inactivation of IRE1a (Bailly-Maitre et al, 2006; Lisbona et al, 2009; Bailly-Maitre et al, 2010) , likely due to the direct binding to the UPRosome.
In order to identify new IRE1a interacting proteins, we performed a proteomic study and detected the association between PUMA and IRE1a in cells undergoing ER stress. Here, we show that BH3-only proteins modulate the kinetics of IRE1a signalling. The simultaneous deficiency of BIM and PUMA specifically disrupted the maintenance of sustained XBP-1 mRNA splicing over time, yet did not alter the kinetics of its activation. This resulted in a drastic decrease of XBP-1s expression and attenuated the upregulation of XBP-1s-target genes. In vitro studies demonstrated direct binding between BH3-only proteins and IRE1a, associated with a modulation of its RNAse activity. This effect was dependent on the BH3 domain of BIM. Furthermore, we demonstrated a crucial role of several BH3-only proteins in the control of immunoglobulin secretion by primary B cells, a physiological process that requires XBP-1 activity. Finally, BH3-only proteins modulated IRE1a signalling on an animal model of ER stress in the kidney and liver. Our results reveal an additional regulatory checkpoint in IRE1a signalling and suggest a novel biological function of BH3-only proteins at the ER membrane where they determine the kinetics and amplitude of IRE1a signalling.
Results

Physical interaction between BH3-only proteins and IRE1a
To screen for new potential IRE1a interacting proteins, we stably transduced IRE1a-deficient mouse embryonic fibroblast (MEFs) with retroviruses expressing the HA (human influenza hemagglutinin)-tagged version of full-length human IRE1a (IRE1a-HA). In conditions in which IRE1a-HA expression resembled that of endogenous IRE1a from wild-type (WT) MEFs, the activation and kinetics of XBP-1 mRNA splicing under conditions of ER stress were restored in addition to the upregulation of the target genes edem1 and sec61 ( Figure 1A) . Then, cells were exposed to the ER stress agent tunicamycin (Tm) for 6 h or left untreated, and IRE1a-HA immunoprecipitated using an anti-HA antibody conjugated to agarose ( Figure 1B ). To search for the possible association of new BCL-2 family members with IRE1a, we used two-dimensional liquid chromatography together with tandem mass spectrometry, followed by bioinformatic analyses. This approach led to the identification of 40 proteins that interacted with IRE1a exclusively in ER stress conditions. In addition to the known IRE1a interactor, BAX, another BCL-2 family member, PUMA, was discovered to bind to IRE1a ( Figure 1C) .
To confirm the physical association between PUMA and IRE1a, we first transiently transfected HEK293T cells with HA-tagged PUMA, as well as a VSV-tagged version of the cysotolic domain of IRE1a containing both the kinase and endoribonuclase activities. As additional controls we included expression vectors for other BH3-only proteins such as BIM, BNip3, BMF, BLK, NIX and DP5, all of which were HA tagged (Kim et al, 2006) . After immunoprecipitation (IP) of the HA-tagged BH3-only proteins, we detected the specific co-precipitation of VSV-IRE1a with PUMA, and further identified an association with BIM and BNip3, but not with any of the other BH3-only proteins tested ( Figure 1D ; Supplementary S1). We then validated the interaction of IRE1a with endogenous BH3-only proteins in IRE1a KO cells reconstituted with physiological levels of IRE1a-HA ( Figure 1A ). We were able to confirm an association of BIM and PUMA with IRE1a when the HA tag was pulled-down ( Figure 1E ). Tm treatment enhanced the association of PUMA with IRE1a consistent with our proteomic analysis, whereas the interaction with BIM was not affected by ER stress ( Figure 1E ). We also corroborated the presence of endogenous BIM/IRE1a complexes when BIM was immunoprecipitated and then the association with IRE1a was determined ( Figure 1F ). Finally, we examined the possible contribution of the ER-located pool of BIM in the interaction with IRE1a and its relation to BAX/BAK. Using the reticular targeting signal of cytochrome b5, BAX/BAK double-knockout (DKO) cells were engineered to express an ER-located version of BAK (Supplementary Figure S1B) (Klee et al, 2009) . We then enforced the expression of an ER-targeted version of HA-BIM using a retroviral system as previously described ( Figure 1G , right panel) (Klee et al, 2009 ). IP of ER-located BIM demonstrated an interaction with endogenous IRE1a, which was dramatically reduced by the expression of BAK ( Figure 1G ). This interaction was not modulated by Tm treatment (Supplementary Figure S1B) . Taken together, these results indicate that BIM and PUMA form a protein complex with IRE1a.
Expression of BIM and PUMA regulate the maintenance of XBP-1 mRNA splicing To explore the putative role of BH3-only proteins in UPR signalling, we generated MEFs lacking BIM or PUMA or both BIM and PUMA (DKO) (Kim et al, 2009 ). Cells were treated with 100 ng/ml Tm, and XBP-1 mRNA splicing was assessed by reverse transcription polymerase chain reaction (RT-PCR). As compared with the corresponding WT or BIM heterozygous MEFs, BIM or PUMA KO cells presented a reduction in the levels of Tm-inducible XBP-1 mRNA splicing. This effect was even stronger in BIM/PUMA DKO cells (Figure 2A ). BNip3 was not studied in MEFs because its expression was not detectable at basal levels or after induction of ER stress (Supplementary Figure S1C) . After persistent ER stress, the levels of XBP-1 mRNA splicing progressively decline due to IRE1a inactivation (Yoshida et al, 2001; Lin et al, 2007; Lisbona et al, 2009) . To evaluate the effects of BIM/PUMA on the sequential activation and inactivation of IRE1a, we quantified XBP-1 mRNA splicing by RT-PCR in time-course experiments. The inactivation of XBP-1 mRNA splicing was markedly accelerated in BIM/PUMA DKO cells, yielding full recovery of the unspliced XBP-1u (XBP-1u) form to baseline levels after 24 h of Tm treatment. In the same conditions, at 24 h post-ER stress, WT control cells exhibited still B70% XBP-1 mRNA splicing ( Figure 2B ; Supplementary Figure S2A ). In sharp contrast, the kinetics of activation of XBP-1 mRNA splicing were not drastically different in WT and BIM/PUMA DKO cells, showing a similar slope of increase that reached 100% of splicing after 6 h of treatment with Tm. Only a slight, yet statistically insignificant (ANOVA test) delay in the activation phase of XBP-1 mRNA splicing (between 4 and 8 h) was observed in BIM/PUMA DKO cells when compared with WT control. A similar pattern was observed when ER stress was induced by means of dithiothreitol (DTT) (Supplementary Figure S2B) . Consistent with this result, careful kinetic analysis of early activation time points reveal no effects on XBP-1 mRNA splicing in BIM and PUMA DKO cells ( Figure 2C ). We confirmed the effects of BIM and PUMA deficiency on the attenuation of XBP-1 mRNA splicing using two alternative assays based on PstI digestion of PCR products or the selective amplification of the XBP-1s form using specific primers ( Figure 2B ; see Materials and methods). Finally, dose response and kinetic experiments demonstrated that the effects of BIM and PUMA on XBP-1 mRNA splicing were only observed in conditions of mild ER stress (Supplementary Figure S2C) .
Analysis of XBP-1s protein expression revealed a strong reduction in ER-stressed BIM and PUMA DKO cells as compared with WT control cells ( Figure 2D ), suggesting the ), and the expression of XBP-1s was monitored by immunoblot of nuclear extracts. SP1 levels were monitored as loading control. (E) WT and BIM/PUMA DKO cells were incubated with 0.5 mg/ml Tm for 2.5 h. Then, cells were washed three times with PBS to remove Tm, and fresh culture media was added. The levels XBP-1 mRNA splicing was monitored by RT-PCR as described in (B). Upper panel: A representative experiment is presented. Bottom panel: The percentage of XBP-1 mRNA splicing was calculated and data represent the average and standard error of three independent experiments. Statistically significant differences are indicated (**Po0.001). (F) A similar experiment was performed as described in (E) after treatment with a pulse of 500 nM Thap for 2.5 h and analysed with all XBP-1 mRNA assays presented in (B). (G) WT MEFs cells were stably transduced with lentiviruses expressing shRNA constructs against Luciferase (Luc), BIM (shBIM) or PUMA (shPUMA). Cells were incubated for indicated time points with 100 ng/ml of Tm. Decreased expression of BIM and PUMA was confirmed by western blot analysis (upper panels). The levels XBP-1 mRNA splicing was monitored by RT-PCR as described in (B) (lower panel). Figure source data can be found with the Supplementary data. requirement of sustained IRE1a signalling for the expression of a detectable pool of XBP-1s. To address the possible effects of BIM and PUMA on the inactivation of XBP-1 mRNA splicing in a different setting, we exposed WT and BIM/ PUMA DKO cells to a pulse of high concentrations of Tm (500 ng/ml) for 2.5 h to induce a rapid induction of full XBP-1 mRNA splicing. Then, Tm was washed out to monitor the recovery of the XBP-1u mRNA form over time. Using this approach, drastic differences were observed in the inactivation of XBP-1 mRNA splicing. Sustained and maximal splicing was observed in WT cells up to 24 h post-Tm treatment ( Figure 2E ), whereas BIM and PUMA DKO cells recovered significant levels of XBP-1u mRNA ( Figure 2E ). Similar results were observed when cells were exposed to a pulse of thapsigargin (Thap) using three splicing assays ( Figure 2F ), confirming that BIM and PUMA influenced the inactivation (but not the activation) phase of XBP-1 mRNA splicing. As a control, we assessed the maintenance of the activity of the ER stressors Tm or Thap after prolonged incubation times (Supplementary Figure S3A) . To corroborate the role of BIM and PUMA on the regulation of XBP-1 mRNA splicing, we knocked down BIM or PUMA with the stable delivery of shRNA constructs using lentiviral vectors. As shown in Figure 2G , reducing the expression of these two BH3-only proteins attenuated the levels of XBP-1 mRNA splicing in cells undergoing prolonged ER stress. As an additional control, we monitored the mRNA stability of XBP-1 mRNA, observing no differences in the decay of the XBP-1 mRNA in WT and BIM/PUMA DKO cells (Supplementary Figure S3B) . Taken together, our results suggest that the expression of BIM and PUMA is essential for sustaining XBP-1 mRNA splicing upon ER stress.
Deficient upregulation of XBP-1s-target genes and decreased IRE1a-dependent mRNA decay in BIM and PUMA DKO cells We explored the impact of BIM/PUMA DKO on UPR downstream responses. Treatment of WT cells with Tm led to a more pronounced upregulation of the XBP-1s-target genes erdj4, sec61 and edem (Lee et al, 2003b) at the mRNA level when compared with BIM/PUMA DKO cells ( Figure 3A and B), consistent with the drastic decrease of XBP-1s expression in BIM/PUMA DKO cells. bip mRNA or protein levels (a UPRtarget gene independent of XBP-1s) were not significantly affected ( Figure 3D and Supplementary Figure S2D) . These results are according with the hypothesis that sustained XBP-1 mRNA splicing is required to generate active XBP-1s-dependent responses.
Recent reports indicate that the RNAse activity of IRE1a mediates the rapid degradation of a subset of mRNAs that either encode ER proteins with transmembrane domains or secreted proteins that may be difficult to fold (Hollien and Weissman, 2006) . Targets for IRE1a-dependent mRNA decay were defined in MEFs and included genes such as blos1, and col6 (Hollien et al, 2009) . While WT cells exposed to mild ER stress (100 ng/ml Tm) exhibited a marked decay of the blos1 and col6 mRNAs, little decay was observable in BIM/PUMA DKO cells cultured in similar conditions ( Figure 3C ). When cells were exposed to higher doses of Tm (3 mg/ml), the DKO did not influence the decay of blos1 or col6 mRNA (Supplementary Figure S2F) . BIM and PUMA specifically regulate the IRE1a signalling branch We performed several control experiments to exclude unrelated effects of BIM and PUMA on ER homeostasis. A variety of BCL-2 protein family members regulate ER calcium homeostasis , which could affect the folding capacity of the ER and the susceptibility of cells to ER stress. Thus, we monitored the release of ER calcium in BIM/PUMA DKO cells after stimulation with Thap or ionomycin in the absence of extracellular calcium. No differences in the kinetics and amplitude of ER calcium release were observed between BIM/PUMA DKO cells and WT controls (Supplementary Figure S5A) . In contrast, BAX/BAK DKO cells exhibited drastic changes in ER calcium fluxes (Supplementary Figure S5B) , as previously described Zong et al, 2003) . In agreement with these results, no alterations were observed in BIM/PUMA DKO cells in the basal or inducible expression of a variety of essential ER chaperones and foldases that are not regulated by XBP-1 (Lee et al, 2003b) , including BiP, ERp57, PDI, ERp72, calreticulin and calnexin ( Figure 3D and data not shown). These data suggest that calcium homeostasis and protein folding at the ER is not altered by BIM and PUMA double deficiency, ruling out possible non-specific effects on the basal physiology of the ER.
We then monitored the specificity of BIM and PUMA on the regulation of distinct UPR stress sensors. The phosphorylation state of IRE1a was analysed using a Phostagt protocol (Yang et al, 2010) . Time-course experiments indicated early dephosphorylation of IRE1a in BIM and PUMA DKO cells in addition to a slight decrease in the amplitude of phosphorylation ( Figure 3E ). Analysis of total IRE1a levels with conventional western blot indicated no changes in BIM and PUMA DKO cells ( Figure 3E ). Consistent with these results, accumulation of large IRE1a oligomers was reduced after prolonged ER stress as measured with non-denaturing gels (Supplementary Figure S4A) . Moreover, BIM and PUMA deficiency did not alter the subcellular distribution of IRE1a (Supplementary Figure S4B) . IRE1a is known to control the activation of JNK through binding to TRAF2 (Urano et al, 2000) . The transient phosphorylation of JNK observed in WT cells exposed to a low concentration of Tm (100 ng/ml, see 2 h) was absent in BIM/PUMA DKO cells (Supplementary Figure S4C) . In contrast, activation of PERK was not drastically affected in DKO cells as monitored by a shift in its molecular weight by western blot analysis ( Figure 2F, left  panel) . Similarly, the generation of ATF6 active fragment was similar in both WT and BIM and PUMA DKO cells ( Figure 2F , right panel). Altogether, our data indicate that BIM and PUMA double deficiency leads to early inactivation of IRE1a signalling, resulting in decreased XBP-1s expression, reduced upregulation of its target genes, attenuated JNK activation, and deficient IRE1a-mediated decay of specific ER stress-relevant mRNA species. Figure 4A, left panel) . Surprisingly, relatively normal levels of XBP-1 mRNA splicing were only restored in BIM/PUMA DKO cells expressing BIM/BCL-2, not in those expressing BIM/MCL-1 or BIM/BCL-X L ( Figure 4A , right panel).
To study the possible requirement of the BH3 domain in the regulation of XBP-1 mRNA splicing, we employed the wellcharacterized BH3 domain mimetic, ABT-737, which disables the interaction between BCL-2 and BH3-only proteins through a competitive inhibition (Oltersdorf et al, 2005) . Since ABT-737 induces apoptosis on a BAX/BAK-dependent manner ( Figure 4C , left panel) and the interaction of BIM with IRE1a is independent of BAX and BAK ( Figure 1G ), we exposed BAX and BAK DKO MEFs to Tm in the presence or absence of ABT-737, and then XBP-1 mRNA splicing was monitored. ABT-737 treatment significantly attenuated the induction of XBP-1 mRNA splicing by Tm ( Figure 4C , right panel). Similar results were obtained when these experiments were performed in WT cells treated in the presence of zVADfmk (Supplementary Figure S6A and B) . To complement this pharmacological approach, we transiently expressed the inactivator BH3-only proteins BAD or NOXA using equal titters of retroviruses to selectively disrupt the association of BIM/ PUMA with BCL-2/BCL-X L or MCL-1, respectively (Kim et al, 2006) . Consistent with the effects of BCL-2 on XBP-1 mRNA splicing, only expression of BAD (but not that of NOXA) accelerated the inactivation of XBP-1 mRNA splicing in WT cells undergoing ER stress ( Figure 4D ).
BH3-only proteins interact with IRE1a through the BH3 domain and regulate its RNAse activity on a cell-free system
The BH3 domain of BH3-only proteins is essential for their apoptosis-regulatory activities. We performed site-directed mutagenesis on the BH3 domain of BIM and tested its impact on the levels of XBP-1 mRNA splicing. We transiently trans- WT and BIM/PUMA DKO cells were incubated with 0.5 mg/ml Tm for 2.5 h. Then, cells were washed three times with PBS and fresh culture media was added and the levels edem mRNA were quantified at the indicated time points by real-time PCR as shown in (A). (C) WT and BIM/PUMA DKO cells were treated with 100 ng/ml Tm for 16 and 24 h, and the mRNA decay of the IRE1a targets blos1 and col6 was monitored by real-time PCR and normalized with respect to the levels of rpl19 as a housekeeping gene. Values were normalized with the mRNA levels under untreated conditions. (D) BIM and PUMA WT and DKO cells were treated with 100 ng/ml Tm for 16 h, and the expression levels of indicated proteins were monitored by western blot. (E) Phosphorylation levels of IRE1a upon Tm-induced ER stress were analysed in WT and BIM/PUMA DKO cells after treatment of cells with 100 ng/ml Tm for indicated time points. Followed by a Phostag assay and western blot analysis (p, indicates phosphorylated and 0, indicates non or hypophosphorylated band). Total IRE1a were also analysed using conventional electrophoresis and western blot analysis (bottom panel). Of note, differences in the total mass of IRE1a is regularly observed with the PhosTag assay possibly due to inefficient transfer in the western blot analysis. Data represent the analysis of four independent experiments. (F) PERK phosphorylation shift was analysed in cells described in (E) on an 8% polyacrylamide gel (left panel). In parallel, the active fragment of ATF6 was monitored in WT and BIM/PUMA DKO cells undergoing ER stress. In (A-C), all data represent the average and standard error of three independent experiments. Statistically significant differences are indicated (*Po0.01; **Po0.001). Figure 5A ) into BIM and PUMA DKO cells (B30% efficiency of transfection), and then exposed cells to 100 ng/ml Tm. An enhancement of XBP-1 mRNA splicing was observed after enforced expression of BIM WT , but not BIM L150E mutant ( Figure 5A ). Additionally, we investigated the possible direct binding of BIM with IRE1a. Using a yeast two-hybrid system, we were able to confirm the interaction of BIM WT and IRE1a-DN in living cells ( Figure 5B ). In contrast, BIM L150E considerably lost the interaction with IRE1a-DN under the same experimental conditions ( Figure 5B ). We also tested the possible physical association of BH3-only proteins with IRE1a using purified components. The cytosolic domain of human IRE1a was purified from insect cells using a HIS tag (IRE1DN-HIS) , and then incubated with in vitro transcribed and translated (IVTT) BIM. Pull-down experiments then revealed an interaction of IRE1DN-HIS and BIM WT ( Figure 5C ). Remarkably, a reduction of the binding between IRE1DN-HIS and BIM
L150E
protein was observed ( Figure 5C ). Finally, we monitored the possible effects of BH3-only proteins on the endoribonuclease activity of IRE1a in a recently described cell-free assay (Lisbona et al, 2009; Gupta et al, 2010) . Recombinant IRE1DN-HIS was incubated for 1 h with IVTT BIM or PUMA. Then, a mixture of total mRNA was added as a substrate for IRE1a endoribonuclease activity in the presence of ATP. After 1 h of incubation, mRNA was reextracted, and the cleavage of XBP-1u mRNA in the splicing site was monitored by RT-PCR as a sign of IRE1a ribonuclease activity. As an internal control, actin mRNA levels were monitored. The enzymatic activity of recombinant IRE1a was enhanced in the presence of in vitro synthesized BIM or PUMA ( Figure 5D ; Supplementary S6C). The effects of BIM over IRE1DN-HIS RNAse activity were ablated when BIM L150E was used in the in vitro splicing assay ( Figure 5E ). Altogether, these results suggest that a subset of BCL-2 family members participate in a regulatory network that regulates the kinetics of IRE1a signalling possibly through a direct modulation of its RNAse activity.
BH3-only proteins regulate XBP-1 mRNA splicing in vivo
To establish that IRE1a is regulated by BH3-only proteins in vivo, we intraperitoneally injected WT and bim À / À mice with Tm (50 ng/kg). In WT livers, Tm-induced XBP-1 mRNA splicing reached a maximum at 6 h post-injection, and then returned almost completely to the unspliced form at 24 h. In contrast, the upregulation of chop mRNA was sustained 24 h post-Tm injection in WT mice, suggesting that the attenuation of XBP-1 splicing resulted from a specific downregulation rather than, for example, from Tm detoxification ( Figure 6A ). Remarkably, bim À / À livers presented a strong attenuation of XBP-1 mRNA splicing at 16 h compared with control mice ( Figure 6B ). In contrast, XBP-1 mRNA splicing levels were similar in bim þ / þ and bim À / À livers 6 h post-injection, suggesting that BIM modulated the decline of XBP-1 mRNA splicing rather than its activation ( Figure 6C ). The effects of BIM expression on the kinetics of XBP-1 mRNA splicing translated into a major reduction in XBP-1s protein levels, as detectable in liver nuclear extracts from bim À / À mice ( Figure 6D ). In agreement with these results, the induction of the XBP-1-target genes wfs1, erdj4 and sec63 were reduced in bim À / À mice ( Figure 6E ). Remarkably, expression of ATF4
was not affected by bim deficiency ( Figure 6D ). Similarly, induction of BiP or ERp72 were not drastically altered in BIM-deficient mice ( Figure 6C ), and only a slight alteration in phosphorylation of eIF2a was observed, further supporting the conclusion that BIM expression specifically regulates the IRE1a/XBP-1 arm of the ER stress response in vivo. Additionally, we monitored the effects of BIM on the regulation of Tm-triggered XBP-1 mRNA splicing in other organs such as the kidney, in which Tm (50 ng Tm/g) caused a mild response in WT mice that is attenuated in bim À / À mice ( Figure 6F ).
Finally, we study the possible involvement of other BH3-only protein in the regulation of XBP-1 mRNA splicing in vivo. Of . Their interactions were tested after pulling down IRE1DN-HIS and performing a western blot analysis (see Materials and methods). (D) The endoribonuclease activity of 0.1 mg of IRE1DN-HIS ( þ ) was monitored in vitro using the conditions described in Supplementary data in the presence of IVTT BIM-EL, PUMA or a mock preparation. Substrate was added (total mRNA) and after 1 h, mRNA was re-extracted and endoribonuclease activity of IRE1a was analysed by RT-PCR. Actin levels were monitored as loading control. As positive control, mRNA was treated with 1 mg IRE1DN-HIS ( þ þ ). (E) In parallel, using the conditions described in (h), the effects on the IRE1a RNAse activity of with IVTT BIM
WT or BIM L150E were tested. To monitor the kinetics of XBP-1 mRNA splicing in an animal model of ER stress, bim þ / þ mice were injected with a single dose of Tm (50 ng/g, i.p.). After injection, animals were sacrificed at different time points, and the levels of XBP-1 mRNA splicing were monitored by RT-PCR on total liver cDNAs. As a control, chop and actin expression levels were monitored by semi-quantitative RT-PCR. (B) bim þ / þ or bim À / À mice were injected with Tm (50 ng/g, i.p.) and XBP-1 mRNA splicing was monitored after 16 h of injection. bim and actin levels were monitored as controls. Each well of the gel represents independent animals. (C) bim þ / þ or bim À / À mice were injected with Tm (50 ng/g, i.p.) and XBP-1 mRNA splicing was monitored after indicated time points. In addition, phophorylation of eIF2a, and levels of BiP, ERp72, BIM, total eIF2a and Hsp90 were monitored by western blot in the same samples. (D) The levels of XBP-1s were analysed by western blot of nuclear extracts from liver samples, as described in (B). In addition, ATF4 was monitored in the same samples. A non-specific band was used as loading control (*), as well as SP1 nuclear protein levels. (E) wfs1, erdj4 and sec63 mRNA levels were quantified in samples described in (B) using real-time PCR and normalized with b-actin levels in each sample. Each animal cDNA was analysed in triplicates. Data represent mean and s.d. (F) In parallel, in the same animals presented in (C), the levels of XBP-1 mRNA splicing were monitored in mRNA purified from kidney. (G) bad þ / þ or bad À / À mice were injected as described in (B). XBP-1 mRNA splicing was monitored in the liver extracts after indicated time points. As control bad and actin mRNA levels were monitored. ( Figure 7A) . A similar phenotype in IgM secretion was observed in LPS-stimulated puma À / À primary B cells ( Figure 7A ). This secretory defect was associated with a marked reduction in LPS-induced XBP-1 mRNA splicing in both bim À / À and puma À / À B cells as monitored by RT-PCR ( Figure 7B ). Since physiological levels of XBP-1 mRNA splicing are low, we confirmed these results with a quantitative assay using real-time PCR ( Figure 7C ). These effects on XBP-1 mRNA splicing directly correlated with a drastic attenuation in the upregulation of the XBP-1s-target genes edem, erdj4 and sec61 in LPS-stimulated B cells ( Figure 7D ). In contrast, bad À / À B cells secreted more IgM that WT control cells, associated with enhanced XBP-1 mRNA splicing (Supplementary Figure S7A and B) . Taken together, these data indicate that BH3-only proteins regulate XBP-1 mRNA splicing in a physiological model of ER stress associated with a high demand of protein folding and secretion.
Discussion
Although IRE1a constitutes the phylogenetically most conserved branch of the UPR, little is known about the regulation of its activity. Under ER stress conditions, XBP-1s controls the induction of a vast spectrum of UPR-related genes involved in . ER stress triggers IRE1a dimerization and phosphorylation, leading to engagement of its ribonuclease activity, which process XBP-1 mRNA and lead to the decay of certain mRNAs. The sustained signalling of IRE1a after prolonged ER stress requires the interaction with accessory proteins including activator BH3-only proteins (i.e., PUMA and BIM) and BCL-2. The interaction of BH3-only protein and IRE1a is mediated by the BH3 domain and regulates the phosphorylation and oligomerization status of the stress sensor. As a functional consequence, the maintenance of IRE1a signalling leads to the expression of an active pool of XBP-1s in the nucleus, leading to the engagement of UPR downstream transcriptional responses. Inactivator/sensitizer BH3-only proteins (i.e., BAD) or by treatments with the BH3-mimetic drug ABT-737 attenuates XBP-1 mRNA splicing. The exact mechanisms underlying the regulation of IRE1a by BCL-2 remains to be determined. This model suggests an additional regulatory checkpoint in IRE1a signalling and reveals a novel biological function of BH3-only proteins at the ER membrane where they determine the kinetic and amplitude of IRE1a signalling. almost every aspect of the secretory pathway (Lee et al, 2003b; Shaffer et al, 2004; Acosta-Alvear et al, 2007) . Recent evidence from several laboratories indicates that IRE1a activation is specifically regulated by a set of positive and negative regulators many among which have previously been linked to apoptosis (reviewed in Hetz et al, 2011; Woehlbier and Hetz, 2011) . In the control of apoptosis, BH3-only proteins act as direct or indirect activators of BAX and BAK at mitochondria, hence stimulating the permeabilization of the outer mitochondrial membrane (reviewed in Youle and Strasser, 2008) . Here, we report a novel function of BH3-only proteins where they modulate specific UPR-related events. Careful kinetic analyses of cells exposed to ER stress, led to the conclusion that BIM/PUMA specifically affects the sustained activation of IRE1a. At the molecular level, we mapped the effect of BIM and PUMA on the phosphorylation status of IRE1a and the dissociation of clusters upon prolonged ER stress, thus modulating IRE1a RNAse activity. Interestingly, a recent report revealed the existence of an allosteric site on IRE1a that affects its ribonuclease activity (Wiseman et al, 2010) . It remains to be determined if BCL-2 family members regulate IRE1a activity through this site.
Our results suggest an intriguing scenario where BIM/ PUMA expression may have distinct consequences under ER stress depending on their subcellular localization and the intensity of the stimuli. Under mild ER stress, BIM and PUMA would act as stress sentinels and stimulate the activation of early adaptive responses to ER stress by the maintenance of IRE1a signaling. In fact, the expression of BIM or PUMA modulate the secretion of IgM by primary B cells, a biological process associated with the occurrence of physiological and non-apoptotic levels of ER stress, which is strictly dependent on the IRE1a/XBP-1 signalling branch of the UPR (Reimold et al, 2001; Iwakoshi et al, 2003; Zhang et al, 2005; Gass et al, 2008) . In addition, the effects of BIM and PUMA on XBP-1 splicing occurred before the induction of cell death (Supplementary Figure S2E) and overall the effects of BCL-2 family members on apoptosis clearly dissociated from their impact on the UPR (Supplementary Figure S7C) . Conversely, under chronic or irreversible ER stress, BIM/PUMA would enforce mitochondrial-mediated apoptosis and hence eliminate irreversible damaged cells.
Several non-apoptotic activities for BCL-2 family members have been described over the last few years (reviewed in Hetz and Glimcher, 2008) . For example, BAD and NOXA controls glucose metabolism (Danial et al, , 2008 Lowman et al, 2010) , whereas BID expression modulates DNA repair responses (Kamer et al, 2005; Zinkel et al, 2005) . BCL-2 and BCL-X L can inhibit autophagy, a phenomenon that is antagonized by BH3-only proteins (Pattingre et al, 2005; Maiuri et al, 2007) . BCL-2 and BCL-X L also modulate proinflammatory processes through direct interactions with NALP1 (Bruey et al, 2007) , and BAX and BAK control mitochondrial morphogenesis (Karbowski et al, 2006) . Finally, several members of the BCL-2 family regulate ER calcium fluxes . The data presented here indicate yet another non-apoptotic and physiologically relevant function of BH3-only proteins, namely the control of the UPR. As a common denominator of their non-apoptotic functions, BCL-2 family members may act as specialized stress sentinels on a novel regulatory network that modulate adaptive responses and trigger cell death only when cell damage is deemed irreversible . Our data support a model where a complex signalling platform is assembled at the level of IRE1a to determine its activation status in terms of signalling intensity and kinetics of activation/inactivation. As a stress rheostat, the UPRosome would involve multiple BCL-2 family proteins that, beyond their apoptotic effects on mitochondrial integrity, act at the level of ER membranes to determine the amplitude and kinetics of the UPR and hence the cell's ability to adapt to ER injuries.
Materials and methods
Reagents
Tm, Thap, brefeldin A, actinomycin and zVAD-fmk were purchased from Calbiochem EMB Bioscience Inc. ABT-737 was obtained from Selleck Chemicals. Phos-tagt was purchased from Wako Pure Chemical Industries. Cell culture media, fetal calf serum and antibiotics were obtained from Life Technologies (Maryland, USA). All other reagents used here were from Sigma or the highest grade available.
Cell culture and DNA constructs
All BIM/PUMA MEFs used here were recently described (Kim et al, 2009) , and were maintained in Dulbecco's modified Eagles medium supplemented with 5% fetal bovine serum, non-essential amino acids and grown at 5% CO 2 . IRE1a-deficient cells were described before (Calfon et al, 2002) . Retroviral bicistronic expression vectors for HA-tagged BH3-only proteins and GFP, or expression vectors for combinations between BIM with anti-apoptotic proteins (hBCL-2-IRES-hBIM-EL) were described before (Kim et al, 2006) . The production of amphotropic retroviruses using the HEK293GPG packing cell line was performed as described (Kim et al, 2006) . Retroviral plasmids were transfected using Efectene (Qiagen, Valencia, CA, USA) according to the manufacturer's protocols. Cell viability was monitored by propidium staining and fluorescence-activated cell sorting (FACS) analysis as described previously (Lisbona et al, 2009) . BAX and BAK DKO cells reconstituted with cytochrome b5-BAK or ER-targeted BIM and PUMA retroviral vectors were previously described (Klee et al, 2009 ). IRE1a-HA expressing retroviruses were previously described in the pMSCV-Hygro vector (Hetz et al, 2006) , where IRE1a contains two tandem HA sequences at the C-terminal domain and a precision enzyme site before the HA tag. A HIS tag was also included after the signal peptide at the N-terminal region.
Calcium signalling was measured as previously described using Fura-2 (Rojas-Rivera et al, 2012). Results are expressed as the ratio between 340 and 400 nm (R340/400) signals (Grynkiewicz et al, 1985) .
RNA isolation, RT-PCR and real-time PCR
Real-time PCR primers were previously described (Iwakoshi et al, 2003; Lee et al, 2003a; Hollien et al, 2009 ). XBP-1s mRNA was monitored by semi-quantitative time PCR using the following primers: 5 0 -AAGAACACGCTTGGGAATGG-3 0 and 5 0 -CTGCACCTGCT GCGGAC-3 0 . For PstI splicing based assay was performed using the following primers: 5 0 -GGATCTCTAAAACTAGAGGCTTGGTG-3 0 and 5 0 -AAACAGAGTAGCAGCGCAGACTGC-3 0 . These primers amplified a 600-bp cDNA, product that was digested by PstI to reveal a restriction site that is lost after IRE1a mediate the splicing of mXBP-1 (Calfon et al, 2002) . For conventional splicing, densitometric analysis was performing using Image J software where the each time point analysed considering the addition of the spliced and non-spliced XBP-1 form as 100% to then calculate the percentage of splicing.
IPs and in vitro splicing assay HEK cells were co-transfected with different DNA constructs and after 48 h protein extracts were prepared in CHAPS buffer (1% CHAPS, 100 mM KCl, 50 mM Tris (pH 7.5), 50 mM NaF, 1 mM Na 3 VO 4 , 250 mM PMSF and protease inhibitors). IPs were performed as described (Lisbona et al, 2009 ).
